We experimentally demonstrate an on-chip compact and simple to fabricate silicon Schottky photodetector for telecom wavelengths operating on the basis of internal photoemission process. The device is realized using CMOS compatible approach of local-oxidation of silicon, which enables the realization of the photodetector and low-loss bus photonic waveguide at the same fabrication step. The photodetector demonstrates enhanced internal responsivity of 12.5mA/W for operation wavelength of 1.55µm corresponding to an internal quantum efficiency of 1%, about two orders of magnitude higher than our previously demonstrated results [22]. We attribute this improved detection efficiency to the presence of surface roughness at the boundary between the materials forming the Schottky contact. The combination of enhanced quantum efficiency together with a simple fabrication process provides a promising platform for the realization of all silicon photodetectors and their integration with other nanophotonic and nanoplasmonic structures towards the construction of monolithic silicon opto-electronic circuitry on-chip.
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Introduction
Realization of silicon-based photodetectors for telecom wavelengths using mature and well established CMOS technology is an essential step toward on-chip monolithic integration of optical communication systems with modern electronic circuitry. While silicon photodetectors are widely used in the visible spectral range, they are not suitable for detecting near-infrared radiation at the telecom wavelength region (1.3-1.6 um). This is simply because the energy of an infrared photon is not sufficient to overcome the potential barrier of silicon bandgap (1.1eV) and thus there is no photogeneration of free carriers via intraband transitions. Over the years, the silicon photonics industry developed solutions for circumventing this deficiency, e.g. by applying an active layer of germanium into the silicon structure [1] [2] [3] and by employing wafer bonding technology for integration of compound semiconductors [4, 5] with silicon platform. While these approaches provide a path towards detection of light at the telecom spectral range, there is still a clear advantage in developing monolithic CMOS compatible all-silicon photodetectors, without the requirement to rely on other material systems. Motivated by this need, a number of silicon based photo detectors operating in the near infrared were proposed and demonstrated. Several photodetection mechanisms have been considered, including two-photon absorption [6, 7] , insertion of midbandgap defect states into the silicon lattice [8, 9] , using a deposited polysilicon active layer [10] and enhancing these relatively weak processes by using the concept of cavity enhanced photocurrent generation [7, [9] [10] [11] [12] .
Another promising approach to detect infrared sub-bandgap optical radiation in silicon is to employ the internal photoemission (IPE) process using a Schottky type photodetector [13] [14] [15] [16] . In its simplest form, this device consists of a metal film on a lightly doped semiconductor (e.g. silicon) forming a Schottky contact at the metal-semiconductor interface with potential barrier B Φ and rectifying electrical characteristics. Usually, the obtained Schottky barrier (SB)
is lower than the energy bandgap of silicon [13] , thus allowing internal photoemission of conduction electrons from the metal to the semiconductor upon the absorption of infrared photons with energy hν exceeding the potential barrier at the interface. The main advantages of such device reside in its simple fabrication, large bandwidth, and intrinsically high frequency response due to the fast thermalization time (ca. few picoseconds) of excited electrons in the metal. On the other hand, the drawback of Schottky type photodetector originates from low efficiency of the IPE process, since the volume in which electro-magnetic energy interacts with electrons in the metal is very small, only a small fraction of the incident photons actually causes photoemission. Moreover, being excited in the metal with huge Fermi wavevector and tending to be emitted into semiconductor, the "hot" electrons typically acquire low transmission probability because of considerable momentum mismatch and poor overlap of the electron wavefunctions between the metal and the semiconductor. One way to enhance the IPE process efficiency is to concentrate optical electromagnetic energy at the boundary between the metal and the semiconductor, were the Schottky contact is formed, thereby increasing light interaction with electrons in the vicinity of the interface where photoemission process takes place [17, 18] . Following this concept, several infrared Schottky photodetectors in silicon were recently presented taking advantage of the high field confinement of surface plasmons at the metal-semiconductor interface [19] [20] [21] [22] [23] [24] [25] [26] . Two major configurations were explored in these demonstrations. One takes advantage of the enhanced absorption in the vicinity of a Schottky contacts via the excitation of localized plasmons, e.g. by using nanoantennas or metallic nanoparticles [24] [25] [26] , while the other is based on guiding of electro-magnetic energy along the Schottky interface utilizing the well confined surface plasmon polariton (SPP) waves [19] [20] [21] [22] [23] . The guided mode approach typically offers longer interaction length between the propagating SPP and the photodetector, thus allowing larger portion of the optical energy to be absorbed nearby the Schottky barrier. This combination of efficient optical absorption and light confinement enhances the detection capabilities of the system and potentially pave the way to device miniaturization and dense on-chip integration.
In this work we demonstrate a compact, simple and efficient Schottky photodetector for telecom wavelengths. The device is integrated with a nanoscale silicon bus waveguide and may serve as a building block of an on chip optical receiver. Interestingly, the demonstrated photodetector shows internal quantum efficiency of about two orders of magnitude higher than our previous demonstration [22] . Potential explanation for this enhancement will be discussed later on in the text.
Device fabrication
Our device is realized using the standard microelectronic technique of local-oxidation of silicon (LOCOS), in which the photonic circuitry is defined by the oxide spacers rather than the reactive ion etching (RIE). Implementation of local-oxidation process provides CMOS compatibility and enables realization of low loss photonic waveguides with precise control over the shape, dimensions and cross sectional profile of the optical structure [27] . We used silicon on insulator (SOI) substrate with 340nm-thick p-type silicon device layer ( 0.2 cm Ω ⋅ ) on top of 2μm-thick buried oxide. First, 120nm thick layer of silicon nitride (SiN) was deposited by low-pressure chemical vapor deposition (LPCVD) at 800 C  . Next, the oxidation mask defining the optical and electrical structures of the opto-electronic link was patterned in electron beam resist (ZEP 520) using standard electron-beam lithography (EBL, Raith eLine 150). The mask was transferred into the SiN layer by reactive ion etching (RIE, Oxford Plasmalab 100) with a CHF 3 /O 2 gas mixture. The defined pattern was transferred to the silicon by LOCOS process at1000 C  , namely the local-oxidation takes place only in the areas where silicon is exposed to the oxygen, while at the same time the SiN protective layer serves as a mask preventing O 2 diffusion into the silicon and further oxide growth. After the oxidation, in order to uncover the silicon interface for the purpose of forming the Schottky contact, the sacrificial SiN mask layer as well as the thermally grown LOCOS oxide were removed by wet etching in hot phosphoric acid and hydrofluoric acid respectively. To integrate the Schottky device with the photonic waveguide we first realized an ohmic contact to silicon by evaporating an aluminum pad and alloying the structure at 420 C  in H 2 /N 2 ambient condition. Finally, the Schottky contact was laid down over the photonic structure by the lift-off of 100nm-thick aluminum strip intersecting the silicon waveguide. A scanning electron microscope (SEM) micrograph of the fabricated device is presented in Fig. 1 . The photodetector length is only 1 μm, and the obtained dimensions of photonic bus waveguide are 305nm-width and 340nm-height, supporting a single TM (out of plane) polarized optical mode. As evident from Fig. 1 , that metal line fully covers the waveguide and allows the formation of a continuous and uniform Schottky contact all over the exposed silicon surface. The realization of Schottky contact over the entire waveguide cross section expands the photodetection area where the absorbed optical signal can potentially contribute to the photocurrent compared with our previously demonstrated devices, in which the Schottky contact was formed only on the top layer of the waveguide [22]. 
Numerical simulations
Two of the most important characteristics of a photodetector are its quantum efficiency and responsivity. In order to estimate these parameters, one needs to know the amount of optical power absorbed in the device. In the following section we aim at estimating the absorption and transmission properties of the fabricated Schottky structure. Taking into account the actual dimensions of photodetector as measured from the SEM image and assuming the operation wavelength of 1.55μm with out-of-plane (TM) polarization, we simulated the optical mode profile of the bus waveguide and the plasmonic structure of the Schottky contact using the finite-element mode solver (COMSOL). As shown in Figs. 2a and 2b , the effective refractive indexes of the photonic and the plasmonic modes were found to be 2.39 and 2.64 + 0.047i respectively. From these results one can estimate the portion of light which is absorbed by the metal. Considering the negligible Fresnel reflection due to impedance mismatch (about 0.25% per facet), the overlap between the two modes (found by overlap integral to be 62%) and the SPP propagation length of 2.6μm we estimated the optical power transmitted though the device to be ~25% with respect to the optical power propagating in the photonic bus waveguide. The remaining 75% is split between radiation of light due to mode mismatch (over 50%) and absorption in the Schottky structure as a result of the ohmic loss in the metal (~22%). To confirm these calculations we carried out a three dimensional (3D) final-difference time-domain (FDTD) simulation of the device. The aluminum permittivity was assumed to follow the Drude model, including damping [28] . Figure 2c shows a snapshot of the electric field distribution (out of plane component) along the light propagation direction at the center width of the device. Following the calculation of the power flux in the bus waveguide after the Schottky contact and its normalization with respect to the same waveguide with no Schottky contact we found the total power transmission through the device to be ~30%, very similar to the value expected from the previous estimate which was based on mode mismatch and attenuation.
Near-field characterization
To test our numerical expectation we performed near field optical characterization of the photodetection area with near field scanning optical microscope (NSOM, Nanonics MultiView 4000). A representative scan is shown in Fig. 3 . Using a metal coated NSOM tip with an aperture diameter of 250nm, we collected the near-field intensity distribution in the vicinity of photodetector. By calculating the ratio between the incoming and outgoing average optical power as it was measured in the bus waveguide slightly before and after the photodetector, we appraised the optical loss to be in the order of 3.5 ± 0.6dB. This value, obtained by an average of dozen independent measurements over 4 different devices, is in reasonable agreement with our simulation prediction of ca. 30% of optical transmission through the device. 
Electrical and optical characterizations
The electrical properties of the Schottky contact were derived from the temperature dependent current-voltage (I-V) measurements. As shown in Fig. 4 , the device demonstrates rectifying characteristics (e.g. diode) with the forward bias region limited by serial resistance of the contact (~24KΩ) and leakage current in the order of 30nA for reverse bias of 0.1V. As expected from Schottky diode thermal dependence [14] , the reverse current across the photodetector is increased with temperature due to enhanced thermionic emission of metal electrons into the silicon. In this operation mode, the variations of reverse leakage current are reflected to the forward bias region, as it is evident from Fig. 4 . Using experimental data, the electrical parameters of the Schottky contact were extracted by exploiting the modified Norde method [29] [30] [31] . With this approach, the potential barrier height at the interface, the ideality factor and the serial resistance were found to be 0.42 The detection capability of the device was tested by measuring the I-V characteristics of the integrated Schottky detector at the presence of optical signal. A 1.55μm wavelength TM polarized light was butt coupled to the photonic bus waveguide using a polarization maintained lensed fiber with a mode size of ~2.5μm. At the output facet the optical signal was collected with a similar fiber and detected by an external InGaAs photodetector. Our sample consists of a symmetric Y-branch to split optical signal between the Schottky photodetector and a reference waveguide, which in turn was continuously monitored in order to preserve constant coupling conditions during the experiment. To obtain the responsivity, we measured I-V curves of the Schottky photodetector for different optical power coupled to the Schottky region (Fig. 5a) , and plotted the current values at small reverse bias of 0.1V as a function of optical power inside the SPP waveguide (Fig. 5b) . Fig. 5a , the device operates in photoconductive mode, where a higher optical signal affects primarily the reverse bias region, since the photogeneration process acts as an external current source added on top of the leakage (dark) current of the diode. As expected in this case, the reverse current across the contact grows linearly with respect to the increase in optical power (Fig. 5b) and the slope of the curve corresponds to the internal responsivity of the device according to R dark in I I R P = + ⋅ , where dark I is the leakage current of the diode, R is the photodetector responsivity and Pin is the optical power coupled to the SPP waveguide. Taking into account ~17.5dB coupling loss between the external tapered fiber and silicon waveguide (as it was measured by monitoring the output signal in the reference waveguide), a typical propagation loss of our LOCOS waveguide measured to be lower than 0.1dB/mm, a 3dB power splitting in the Y-branch and ca. 60% coupling efficiency from the bus silicon waveguide to the SPP waveguide, we estimated the maximal optical power within the Schottky detector to be in the order of 16µW for an incident laser power of 4mW. Consequently, according to Fig. 5b the internal responsivity of our photodetector at the wavelength of 1.55 µm is 12.5mA/W which corresponds to an internal quantum efficiency of about 1%. Taking into account that only ~1/3 of the optical power which is coupled to the Schottky structure is actually absorbed in the device, we believe that the internal quantum efficiency may be even higher, in the order of 3%. It should be noted, that due to significant coupling loss between the lensed fiber and photonic bus waveguide the external quantum efficiency of the device is about two orders of magnitude lower than the internal one, however it could be significantly improved by employing coupling optimization based-on the inverse taper or grating coupler approaches. By doing so, and by using a longer device in which most of the incident optical power is absorbed in the Schottky contact, the responsivity at this wavelength can reach 30-40 mA/W.
Based on
Finally, the obtained internal quantum efficiency of 1-3% demonstrates about two orders of magnitude improvement compared to our previously reported results [22] , where the integrated Schottky photodetector was realized on top of the atomically flat silicon surface of the bus waveguide. This significant increase cannot be explained only in terms of potential barrier variation or minor area differences between the devices. We attribute the enhancement of internal quantum efficiency to the fact, that in current work the Schottky contact is formed around the silicon waveguide including the waveguide sidewalls which are rough at the atomic scale. This surface roughness originates from SiN mask imperfections on the scale of 1-5nm. While consecutive oxidation is expected to smoothen the silicon waveguide surface, it is still rough on the scale of few atoms. The appearance of surface roughness at the metalsilicon contact may improve the efficiency of the internal photoemission process due to the presence of localized, high density electric fields at the sharp edges of surface imperfections, thereby locally intensifying the Schottky effect of potential barrier lowering. The second, and perhaps the most important beneficial impact of roughness is that it relaxes the momentum conservation [34] rules at the interface and thus allows the photoexcited electrons that otherwise would have been totally reflected back into the metal, to enter the semiconductor. The surface roughness acts upon the electrons attempting to exit across the Schottky barrier exactly as it acts upon the photons trying to exit the semiconductor in light emitting diodes [35-37] and thus plays a similar beneficial role in enhancing the efficiency.
Conclusions
In summary, we experimentally demonstrated an on-chip compact, simple and efficient Schottky photodetector for telecom wavelengths integrated with the nanoscale silicon bus waveguide. The fabricated device exhibits the enhanced detection capabilities and shows internal responsivity of 12.5mA/W which is correspondent to the internal quantum efficiency of 1%. With our present device, the efficiency of IPE process is greatly improved (ca. two orders of magnitude) compared to our previously demonstrated results. We attribute this enhancement to the presence of surface roughness at the metal-silicon interface forming the Schottky contact. It is our hope that the demonstrated device would serve as a step forward in the effort of merging silicon nanophotonic and silicon plasmonic platforms, with the major goal of using silicon nanostructures for the detection of optical signals at the telecom regime.
